We study breakup of the deuteron induced by neutrinos in the neutral νd → νnp,νd →νnp and the chargedνd → e + nn, νd → e − pp processes. Pionless effective field theory with dibaryon fields is used to calculate the total cross sections for the neutrino energies E ν from threshold to 20
I. INTRODUCTION
Since first postulated by W. Pauli, neutrinos have played key roles in understanding the nature of weak interactions, and testing the standard model [1] . These fundamental questions can be answered directly or indirectly by measuring the cross sections of neutrinos.
Measurements have been conducted with neutrinos from man-made sources and various events in the Universe. Corresponding energy scale is indeed wide, ranging from eV to EeV 1 .
Neutrinos in the energy range from 1 to 20 MeV are particularly important in probing the solar process and flavor oscillation of neutrinos. The solar neutrinos on the deuteron target are measured at SNO, and the neutrino flavor mixing parameters are deduced by using the νd cross sections estimated by theory [2] [3] [4] [5] . Meanwhile, direct measurements on deuteron target in the solar neutrino range have been carried out in the reactor experiments. They reported cross sections for the charged-current processν e d → e + nn, and the neutral-current processν e d →ν e np [6] [7] [8] [9] . Comparison of experiments with theory exhibits qualitative agreement [10] .
Early theoretical estimates of the neutrino reactions on the deuteron are reported in the 1960s [11, 12] while modern ones are improved by using accurate phenomenological nucleon-nucleon (N N ) potentials and including meson exchange currents [13] [14] [15] . Modern theories of N N interactions can reproduce the N N scattering phase shift data below the pion production threshold with errors less than 1%. These high-precision theories provide a unique opportunity in which we can probe the interactions of neutrino and deuteron with uncertainties due to strong interactions under control. In the publications during the last decade, we have been applying the pionless effective field theory with dibaryon fields (dEFT in short) [16, 17] to the low-energy two-nucleon systems and phenomena such as electromagnetic (EM) form factors of the deuteron [18] , synthesis of the deuteron at big bang energies [19] , proton-proton scattering [20] , their fusion [21] , neutron-proton scattering [22] , spin-dependent polarization [23] [24] [25] , and hadronic parity violation in the radiative neutron-proton fusion or the dissociation of the deuteron [26] [27] [28] [29] [30] . We could verify that i) calculational complexity and difficulty are significantly reduced in dEFT compared to the calculations in phenomenological potential models or other EFTs, ii) convergence of the expansion is fast so only up to next-to-next-to-leading order (NNLO), results agree to highquality calculation of phenomenological models, and iii) agreement to experiment and other theories is achieved with difference less than 1% at low energies.
Inspired by the successful applications to the strong and EM interactions and related phenomena, we attempt to apply the model to a semi-leptonic weak interaction problem, breakup of the deuteron by neutrinos at low energies. Solution of the problem plays an important role in understanding the flavor oscillation of neutrinos from the sun, and testing the validity of the standard model. In addition, it has been discussed that the process can give non-negligible effect to the supernova neutrino emission mechanism [31] . The problem has been explored in diverse frameworks such as conventional approach of twonucleon potential plus meson exchange currents [14] , hybrid EFT [32] , pionless EFT [33] , and a recent work with chiral perturbation theory [34] . The results in various theoretical works agree to high accuracy.
In this work we focus on two issues: i) estimate the uncertainty of the prediction, ii) investigate the convergence and accuracy of the expansion in dEFT formalism. We calculate the total cross sections of the neutral-current processes
where l denotes the lepton flavor e, µ and τ , and the charged-current processes
with neutrino energy from threshold to 20 MeV. We consider the expansion up to next-toleading order (NLO) and assume P-wave approximation for the partial-wave expansion in the final state of the nucleon. In addition, we include the Coulomb interaction between two protons non-perturbatively and obtain an analytic expression for the reaction amplitudes for the ν e d → e − pp process. Results are compared to the results of most updated calculations with modern potential models and EFTs.
Section II summarizes the basic equations, and analytic forms of transition amplitudes and the cross sections. Numerical results are presented in Section III, and the conclusions are drawn in Section IV. In Appendix A, a derivation of an analytic expression of the reaction amplitudes for the ν e d → e − pp process is presented, and in Appendix B, the spin summation relations and an expression of the squared amplitudes are displayed.
II. ANALYTIC EXPRESSION FOR THE REACTION AMPLITUDES

A. Weak process and dibaryon EFT
The reaction amplitudes can be calculated from the effective Hamiltonian of the current-
where G F = 1.1803 × 10 −5 GeV −2 is the weak coupling constant, and V ud = 0.9746 is a Kobayashi-Maskawa matrix element. Note that G F includes the inner radiative corrections:
GeV −2 is the Fermi constant and ∆ V R is the inner radiative correction [35, 36] . The CC-and NC-lepton currents l 
where V µ and A µ represent the vector and axial current, respectively. The superscripts ± and 0 are the isospin indices of the isovector current and S denotes the isoscalar current.
θ W is the Weinberg angle with the numerical value sin 2 θ W = 0.2312.
The CC-and NC-hadronic currents J 
where L 0 and L 1 are leading order (LO) and NLO one-nucleon Lagrangians, L s and L t are the Lagrangians for dibaryon-dibaryon and dibaryon-nucleon couplings in the 1 S 0 and 3 S 1 states, respectively, and L int denotes the EM and weak interactions of nucleons and dibaryons through external vector and axial-vector fields.
The Lagrangian for the one-nucleon sector is given as [36] L 0 = N † iv ·D + 2g A S · a N,
where g A is the axial vector coupling constant g A = 1.267, m N is the mean nucleon mass m N = (m p + n n )/2, κ V and κ S are the isovector and isoscalar anomalous magnetic moment of the nucleon κ V = 3.70589 and κ S = −0.12019, respectively. v µ is the velocity vector satisfying v 2 = 1. Assuming non-relativistic limit, we have v µ = (1, 0), which subsequently determines the spin operator 2S µ = (0, σ). v µ S , v µ a and a µ a are the external isoscalar, isovector and axial isovector fields, respectively, and τ a and σ i are the Pauli matrices for the iso-spin and spin, respectively.
The Lagrangian for the two-nucleon sector is given as
where D µ is the covariant derivative for the dibaryon fields, D µ = ∂ µ − iCV ext µ ; V ext is the external vector field and C is the charge operator of the dibaryon fields where C = 0, 1, and 2 for the nn, np, and pp channels, respectively. (See footnote 6 in Ref. [18] as well.) In addition, B = ∇ × v a , and σ is the sign factor (+1 or −1), which is fixed so as to reproduce the amplitude in terms of the effective range expansion parameters. ∆ s and ∆ t are defined as ∆ s,t ≡ m s,t − 2m N where m s and m t are the mass of dibaryon fields in the 1 S 0 and 3 S 1 states, respectively. ρ d and r 0 are the effective ranges in the 1 S 0 and 3 S 1 states, and the projection operators for each state are defined as
Moreover, y s and y t are determined from the effective range parameters, and we obtain Determination of L 1A , L 1 and L 2A will be discussed in section III.
Total cross section is calculated with the non-relativistic formula [32] σ νd (E ν ) = 1 (2π) 3 dp dy
with the condition for the energy-momentum conservation up to 1/m N order,
where m d is the mass of the deuteron, E ν (E ) is the energy of the neutrino (lepton) in the initial (final) state, p is the magnitude of the relative three-momentum between the two nucleons in the final state, k is that of the outgoing lepton, and y is the cosine of the angle between the incoming and the outgoing leptons (y =k ·k ). F (Z, E ) is the Fermi function taking into the Coulomb interactions between the electron and the nucleon in the final state;
its explicit form can be found in Ref. [37] . Here, S d is the total spin of the deuteron, S d = 1.
We note that the expression of the total cross section in Eq. (16) is different from that in our previous study [32] by a factor of 1/(4E E ν ) because of different normalizations for the lepton fields. In addition, the fourth term, 2m N , in the left-hand side of Eq. (17) 
B. Reaction amplitudes
We write the amplitudes of charged current as
where q denotes neutron (n) or proton (p), and τ n(p) = −1 (1) . Neutral-current amplitudes are written as
where the subscript (V S) denotes the isoscalar vector part of the nuclear current. Because the partial waves are orthogonal, we can write the squared amplitudes as
Amplitudes for S-wave states can be written as
where (d) and * are spin polarization vectors of the incoming deuteron and the final two nucleon 3 S 1 state, respectively, and
µ are the lepton currents. In addition,q = q/| q| where q is the momentum transfer between the lepton current and the nuclear current; q = k − k.
X andX denote the LO and NLO contributions, respectively, and are given by
where γ is the deuteron binding momentum, γ = √ 2m N B: B is the deuteron binding energy, and µ V = 1 + κ V . The LECs l 1A , l 2A , and l 1 for the contact interactions are defined as
As discussed in Ref. [18] , we separate the LECs L 1A , L 2A , and L 1 into two parts: the one consists of the effective range terms so as to reproduce the result from the effective range theory, and the other is the unfixed constants l 1A , l 2A , and l 1 which may correspond to the small correction from a mechanism in high energy such as meson exchange currents. We note that LECs do not appear for the isoscalar vector parts in Eqs. (30) and (31) due to conserved vector current (CVC). In addition, the sign for l 1A above is opposite to that in
Refs. [21, 38] . ln
where a 
where H + l (η, ρ) = G l (η, ρ)+iF l (η, ρ); F l (η, ρ) and G l (η, ρ) are regular and irregular Coulomb wave functions, respectively, and j l (x) are the spherical Bessel functions. ψ(z) is the digamma function with η = κ/p; κ = α E m p /2 where α E is the fine structure constant.
The r-space integrations above can be carried out analytically. The derivation and expression of those integrals are presented in Appendix A.
In a similar manner we write the amplitudes in the P-wave states as
with
where J = 0, 1, 2, and * i and * ij are a vector and a symmetric tensor representing the final two nucleon for J = 1 and 2 states, respectively. For the np and nn channels, Γ (p, q), and for the pp channel we have
An analytic expression of the vertex function Γ Summing over spins in the initial and final states, we obtain the result
where we have used the spin summation relations presented in Appendix B.
III. NUMERICAL RESULTS
First we specify the values of LECs. Low-energy constant l 1 is fitted to the total cross section of the radiative neutron-proton capture process at threshold [18] . In the work of proton-proton fusion [21] , l 1A is determined from the β-decay of tritium, which gives l 1A = 0.50 ± 0.03. Another way to fix l 1A is proposed in work of neutron-neutron fusion [38] ,
where l 1A = 0.33 ± 0.03. Since a robust way to fix the value of l 1A is absent at present, l 1A is a source of uncertainty in the theoretical prediction. Without any priority to a specific value, we use both values l 1A = 0.33 and 0.50 in the calculation of the total cross sections.
Lagrangian term proportional to LEC l 2A has a derivative one order higher than the terms proportional to l 1 and l 1A . Since the perturbative expansion is performed with respective to either energy or momentum of the particles, higher order derivatives will be suppressed compared to the lower order ones. In addition, since experimental data that can constrain l 2A is not available, we assume l 2A = 0 for simplicity. 3 states, results with l 1A = 0.50 are presented, and the results for the nn state are with l 1A = 0.33. General trend is monotonic increase with energy, and the rate is larger in charged-current processes than the neutral ones. For a better overall view, results in Tab. I are plotted in Fig. 2 . As a benchmark for comparison with other theories, we include the result of Ref. [14] , which is labeled SNPA meaning standard nuclear physics approach. In the SNPA, initial-and final-state wave functions are the solutions of Schrödinger equations with modern phenomenological N N potentials, and transition operators consist of one-body impulse approximation and two-body meson-exchange currents. In our work we use partial wave expansion of the final state up to P-wave, but the SNPA results includes states up to J = 6. Despite the huge differences in the basic formalism of the two theories in one hand, and partial waves in the final state in the other hand, predictions of the two works agree remarkably well. Recent EFT works [33, 34] show agreement to SNPA within the order of 1%. Refined comparison is in due next order.
In Tab. II, we show the difference between our work and SNPA. For each reaction channel, we calculate the differences with both l 1A = 0.33 and 0.50. From the result of the difference, one can deduce that the total cross is larger with l 1A = 0.50 than with 0.33 in all the reactions and energies. l 1A = 0.50 is adopted from the work of pp fusion, and it gives better agreement to SNPA than l 1A = 0.33 for the e − pp reaction channel. On the other hand, total cross section of the e + nn channel is close to SNPA with l 1A = 0.33 than 0.50. It turns out that l 1A = 0.50
gives better agreement to SNPA than 0.33 for the neutral-current processes. Gap between the differences of l 1A = 0.33 and 0.50 is in the interval 0.7∼1.1%, and it is weakly dependent on the reaction type and energy. We take this as a theoretical uncertainty in this work originating from the LEC l 1A . There are other sources of uncertainties such as truncation at NLO in the perturbative expansion and P-wave approximation in the partial wave expansion.
Discussions on these uncertainties will be presented in the following paragraphs.
The relative contribution of LO amplitudes to the total cross section is shown in the column of 'LO/total' for the νnp and e − pp reactions in Table III . At energies close to threshold, LO takes 98∼99% of the total. Its portion decreases monotonically as energy increases, and it reaches 91 ∼ 95% at 20 MeV. This result satisfies the general behavior of perturbation theory: i) lower orders dominate at low energies, ii) contribution of higher orders increase as the energy increases, iii) higher order contributions should be sufficiently smaller than those of lower orders in the considered energy range.
In order to check the validity of partial wave approximation in the final state, we consider the contribution of S-wave states. The column of 'S-wave/total' in Tab. III shows the ratio of cross section from S-wave contribution divided by the full contribution. In the solar neutrino energy region, the total result is absolutely dominated by the S waves. However, though it is small, contribution of higher partial waves increases with energies. In our result the contribution of P waves at E ν = 5 MeV is 0.03% at most, and it increases to 2∼3% at E ν = 20 MeV. In the work of SNPA [14] , the authors performed similar analysis of S-wave contribution. At E ν = 20 MeV, the proportions of 1 S 0 state to the net value are obtained as 0.972 and 0.964 for νnp and e − pp reactions, respectively. These values are smaller than our results only by 0.004 and 0.008, so the two very different models give consistent predictions about the role of S-wave states in the final state. P-wave contribution is also calculated separately in [14] . At E ν = 20 MeV, sum of S-and P-wave contribution is 99.9% of the total result that includes the partial waves to J = 6. Therefore contributions from partial waves higher than the D state will not be a source of uncertainty at the order of 1% for the solar neutrino energies.
In Ref. [32] , the authors investigated the same problem with a pionful EFT. In the work, final state wave functions contain only the S-wave states. In the column denoted by 'Swave/EFT*' in Tab. III, we present the ratio of S-wave contribution in our work to those of EFT*. The two theories agree in the range 0.994∼1.007, so in practice the two theories predict equivalent results for the total cross section.
IV. SUMMARY
We considered the breakup of deuterons by neutrinos and antineutrinos at solar neutrino energies. We calculated the total cross section of the neutral-current reactions νd → νnp, νd →νnp, and the charged-current onesνd → e + nn, νd → e − pp in the framework of a pionless effective field theory with dibaryon fields up to the next-to-leading order. We include the Coulomb interaction between two protons non-perturbatively while analytic expressions of the amplitudes are obtained. We estimated the uncertainty of our theory by comparing our result to those obtained from various theories and models.
In the comparison to the work that employs phenomenological nucleon-nucleon potential models, contribution of the S-wave state in the final state agrees well with the result of [14] , and it is confirmed that the truncation at P waves in the final state wave functions is a good approximation. Main source of the uncertainty is identified as a low-energy constant l 1A which determines the strength of axial four-nucleon contact interactions. The low-energy constant determined from available experimental data gives uncertainties about 1% or less.
We compared our results of S-wave contribution with those obtained from a pionful effective field theory in which expansion is performed up to next-to-next-to-next-to-leading order [32] . We found that the two theories predict practically identical results with the difference about 0.7% at most.
Convergence of the theory was checked by isolating the leading order contribution from the total. At low energies leading order contributes almost 100% of the total, and its portion decreases as the energy increases. For the νnp reaction, leading order takes 95% of the total at E ν = 20 MeV. This ratio of the S-wave contribution is similar to the ratio of next-tonext-to-leading order to leading order obtained in a pionless effective field theory [33] . This comparison demonstrates that the rate of convergence could be improved by the introduction of dibaryon fields.
Our result underestimates the result of benchmark calculation [14] by about 1%. On the other hand, another pionless effective field theory [33] gives a very similar result to [14] , and a chiral perturbation theory [34] obtains results larger than [14] by about 1%. Therefore one can conclude that the uncertainty one can obtain from the state-of-the-art theories is about 2∼3% in the solar neutrino energy range. Precise determination of LECs from experiment will be important to reduce the theoretical uncertainty.
The expressions for the (± or ∓) signs in Eq. (60) are identical because of a relation, .
(64)
The four point vertex Γ (pp) 4(2) (p, q) can be represented by using the result for Γ (pp) 4(1) (p, q) and an integration, 
where the ± signs correspond to the initial neutrino and the antineutrino states, respectively, we have the spin summation relations for 1 S 0 channel as spins (l) · (d) 2 = 8 3E E − k · k , (74)
For 3 S 1 channel, we have spins v · (l) * · (d) 2 = 24 E E + k · k ,
spins v · * (l) · * (d)q · (l) * · (d) = −24 E q · k + Eq · k ∓ iq · k × k ,
spinsq · * (l) · * (d) v · (l) * · (d) = −24 E q · k + Eq · k ± iq · k × k ,
For 3 P 0 channel, the terms at LO are the same as those for 1 S 0 channel. 
we have spins iv · (l) * · q × (d) 2 = 16 E E + k · k , (87) spins * · (l)q · (d) − * · (d)q · (l) 2 = 16 2E E − 2 k · k −q · k q · k , (88) spins iv · (l) * · q × (d) · * (l)q · * (d) − · * (d)q · * (l) = spins iv · * (l) · q × * (d) * · (l)q · (d) − * · (d)q · (l) = 0 . 
we have 
